INTRODUCTION
Biosurfactants BS are extracellular amphiphilic compounds produced by microorganisms. They have attracted considerable interest in recent years because of their biodegradability, mild production conditions, and various functions 1 . Among a variety of BS, glycolipid types such as mannosylerythritol lipids MEL 2 and sophorolipids SL 3 are the most promising because of their high productivity and versatile interfacial and biochemical properties. The numerous advantages of glycolipid BS have promoted their applications not only in the food, cosmetics, and pharmaceutical industries, but also in environmental protection and energy-saving technologies 4 .
Although there have been many attempts to produce glycolipid BS effi ciently from raw materials such as vegeta-tive production of various chemicals such as ethanol 7 , sorbitol 8 , lactic acid 9 , and citric acid 10 .
The use of water-soluble carbon sources for BS production is also highly advantageous in terms of product recovery. Vegetable oil is the usual choice for the carbon source in BS production, but this makes product recovery very complicated. In these cases, the diffi cult separation of BS from by-products such as free fatty acids and mono-or di-acylglycerols is inevitable.
To our knowledge, there has been no report of the production of BS using sugarcane molasses, except for a preliminary study by Achlesh et al. 11 . They reported that BS production from vegetable oil is enhanced by the addition of molasses. It is thus of great interest to search for microorganisms that effi ciently provide BS from a culture medium consisting only of molasses.
In this study, we evaluated the productivity of BS from molasses using 15 yeast strains: three sophorolipid SL producers, 11 mannosylerythritol lipid MEL producers, and one cellobiose lipid CL producer. We also investigated the culture conditions leading to the maximum production of SL by Starmerella bombicola NBRC10243 using a jar fermentor. This is the fi rst report of the production of SL using a culture medium containing only sugarcane molasses.
EXPERIMENTAL PROCEDURES

Materials
The sugarcane molasses used in this study was a gift from the Syonan Seito Co., Ltd. Okinawa, Japan ; it contained 550 g/L sucrose and 50 g/L converted sugars glucose and fructose . The molasses was diluted with three volumes of water, to adjust the total sugars concentration to 150 g/L pH 6.0 ; this was used as the molasses medium in the following experiments, unless otherwise indicated.
The pH of the medium was adjusted by adding an appropriate amount of a dilute aqueous solution of NaOH or HCl.
Microorganisms and culture conditions.
The 15 yeast strains used in this study are listed in Table  1 . Seed cultures were prepared by inoculating cells into a 100-mL Erlenmeyer fl ask containing 10 mL of a YM medium 10 w/w g/L glucose, 3 g/L yeast extract, 3 g/L malt extract, 5 g/L peptone pH 6 and culturing at 25 for 48 h on a rotary shaker 250 rpm . The seed cultures 0.4 mL were transferred to fl asks containing 10 mL of the molasses medium and cultured for 120 h, as described above, unless otherwise indicated.
BS production using a fed-batch culture was carried out using a 5-L jar fermentor MDL-N5L, B. M. Marubishi Co. Ltd., Tokyo, Japan containing 1600 mL of the molasses medium at 25 with an agitation speed of 600 rpm and an aeration rate of 3 L/min. After cultivation for 72 h, the molasses medium was added to the fermentor, the fi nal concentration of total sugars was adjusted to 150 g/L, and cultivation was continued for another 48 h.
Isolation and purifi cation of glycolipids
The glycolipids produced were extracted from the culture medium with an equal amount of ethyl acetate. The extracts were analyzed by thin-layer chromatography TLC on silica plates Silica gel 60F; Merck, Whitehouse Station, NJ, USA with a solvent system consisting of chloroform/methanol/7N ammonium hydroxide 65:15:2, v/v . The compounds on the plates were located by charring at 110 for 5 min after spraying with anthrone/sulfuric acid reagent 12 .
To purify each glycolipid component, the above extracts were evaporated and dissolved in chloroform, and then purified by silica-gel Wako gel C-200, Wako Pure Chemical Industries, Ltd., Osaka, Japan chromatography using a gradient elution of chloroform/methanol 10:0 to 8:2 . The purified glycolipids were used in the following experiments.
Quantifi cation of glycolipids
The quantifi cation of the produced glycolipids was carried out by high-performance liquid chromatography HPLC on a silica-gel column Inertsil SIL 100A 5 μm, 4.6 250 mm; GL-Science Inc., Tokyo, Japan with a low-temperature-evaporative light-scattering detector ELSD-LT; Shimadzu, Kyoto, Japan using a gradient solvent program consisting of various proportions of chloroform and methanol from 100:0 to 0:100, v/v at a fl ow rate of 1 mL/min. A standard SL sample lactone-form SL-1, Fig. 2 was prepared from olive oil using S. bombicola NBRC10243, the same strain as S. bombicola ATCC 22214, according to a previous method 13 . All the measurements reported here were calculated as the means from at least three time-independent experiments.
Structural analysis
The structures of the purified glycolipids were characterized by 1 The fatty-acid profi les of the glycolipids were examined by gas chromatography-mass spectrometry GC-MS 14 . The methyl ester derivatives of the fatty acids were prepared by mixing the purifi ed glycolipids 10 mg with a 5 HCl/ methanol reagent 1 mL . After quenching the reaction with water 1 mL , the methyl ester derivatives were extracted with n-hexane and then analyzed by GC-MS Hewlett Packard 6890 and 5973N; Agilent Technologies, Inc., Tokyo, Japan with a capillary column TC-WAX, GLScience Inc., Tokyo, Japan with the temperature gradient programmed from 90 held for 3 min to 240 at 5 / min. All reagents and solvents were commercially available and were used as received.
RESULTS AND DISCUSSION
BS production from sugarcane molasses
With the aim of attaining effi cient production of BS, we investigated BS production from a culture medium consisting of only sugarcane molasses and water. Fifteen yeast strains Table 1 that are known to be glycolipid BS producers were used in this study.
S. bombicola NBRC 10243 abundantly excreted a mixture of glycolipids, but the other 14 strains gave only trace amounts of glycolipids Fig. 1 . On TLC, the major glycolipid spot from the strain NBRC 10243 corresponded to the spot of the standard SL sample. This result indicated that S. bombicola NBRC 10243 is able to use molasses as the carbon and other nutrient sources to provide glycolipid BS.
Fig. 1 TLC analysis of the extracellular products from different strains.
Samples were extracted from the cultured medium using an equal amount of ethyl acetate, and the organic-solvent fractions were spotted on a TLC plate.
Structure determination of the purifi ed glycolipids
S. bombicola NBRC 10243 is known to produce a mixture of lactone-form SL and acid-form SL from vegetable oils such as olive oil and soybean oil 11 Fig. 2 . In order to identify the structures of the glycolipids produced from molasses by S. bombicola NBRC 10243, the major product was purifi ed by silica-gel chromatography and subjected to 1 H and 13 C NMR spectroscopy data not shown . The spectrum obtained from the major glycolipid corresponded well with that of the standard SL sample, lactone-form SL-1, produced from olive oil by the same strain 13 . S. bombicola NBRC 10243 was therefore found to produce SL consisting mainly of SL-1 from sugarcane molasses. The fatty-acid composition of the major glycolipid was then analyzed by GC-MS. The fatty acids of the glycolipid were mainly composed of C 16 and C 18 acids Table 2 . Nuñez et al. 15 have reported the effects of the carbon source on the SL fatty-acid composition; the SL fatty acids were mainly composed of C 16 and C 18 acids, regardless of the carbon source used. These results indicated that the present strain is able to use molasses as an all-nutrient source to provide SL similar to those reported using S. bombicola with vegetable oils.
Factors affecting SL production by S. bombicola NBRC 10243
In the above study, S. bombicola produced SL from just sugarcane molasses. We then investigated the culture conditions leading to maximum SL production. a Effects of molasses concentration
To evaluate the optimum concentration of total sugars in the molasses medium, the yeast strain was cultivated in media with different concentrations of total sugars for 120 h Fig. 3 . The yield of SL increased with increasing concentration of total sugars, up to 150 g/L; further increases caused negative effects. The best yield was obtained with a molasses medium containing 150 g/L of total sugars. b Effects of the initial pH value
To evaluate the effects of the initial pH value, the yeast strain was cultivated in molasses media containing 150 g/L of total sugars at different pH values for 72 h. The yield of SL was maximum at pH 6, but markedly decreased above pH 6 Fig. 4 . From these results, the molasses concentra- tion and the pH value were found to be crucial factors in obtaining high-yield production of SL.
Time course of SL production in shake-fl ask culture
Under the optimum conditions obtained above, the production of SL in a shake-fl ask culture was conducted. Figure 5 shows the time course of SL production, total sugars, and dry-cell weight DSW . The production of SL clearly increased with an increase in total sugars used, and the amount of SL reached approximately 14.4 g/L for 120 h cultivation; this value corresponded to a SL production rate of 0.12 g/L/h.
Time course of SL production in a 5-L jar fermentor
José et al. reported that SL production is a process that consumes high quantities of oxygen 16 . We therefore tried to improve the production of SL using a jar fermentor because jar-fermentor systems allow a higher dissolved oxygen level than that obtained in shake-fl ask systems. The yeast was cultivated in a 5-L jar fermentor with a molasses medium pH 6 containing 150 g/L of total sugars. After 72 h cultivation, the molasses medium was added to the fermentor as indicated by the arrow in Fig. 6 , the final concentration of total sugars was adjusted to 150 g/L, and cultivation was continued for another 48 h. The amount of SL increased with culture time, and reached 22.8 g/L after 120 h; this value corresponded to a SL production rate of 0.19 g/L/h. The production rate in the jarfermentor system was therefore approximately 1.6 times higher than that in the shake-fl ask culture.
Interestingly, after feeding of the molasses medium, the SL production was greatly enhanced, despite there being little cell growth. This means that the yeast cells maintain their activity for SL production in the presence of the medium, and thus a resting cell system should be effective for continuous SL production by intermittent feeding of the medium.
To our knowledge, this is the first report of bioconversion of sugarcane molasses to highly functional BS. Although the yield of SL from only molasses is still low compared to that from molasses with vegetable oils 11 , it should The strain was cultivated in a molasses medium containing 150 g/L of total sugars (pH 6) at 25°C using a 5-L jar fermentor. After 72 h cultivation, the molasses medium was added (as indicated by the arrow), the final concentration of total sugars was adjusted to 150 g/L, and cultivation was continued for another 48 h. The amount of SL was quantified by HPLC. , SL (g/L); , total sugars (g/L); , dry-cell weight (g/L).
be improved by using a larger-scale fermentor with larger numbers of resting cells. Sugarcane molasses, the major by-product of sugar manufacturing, is a cheap and abundant material. The present work might therefore be very helpful not only for lowering the cost of SL production, but also for enhancing the recycling and use of natural resources.
CONCLUSION
As a result of strain selection, S. bombicola NBRC 10243 was found to produce glycolipid BS, a mixture of SL, from a fermentation medium containing only sugarcane molasses. The major product was identifi ed as the lactone-form SL-1. Under the optimum conditions with the molasses medium in a 5-L jar fermentor, the amount of SL reached 22.8 g/L after 120 h cultivation. These findings indicated that the present strain should have great potential for low-cost production of SL using sugarcane molasses; this should contribute to broadening of the application of BS in various industrial fi elds.
